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2Abstract
Complexes of the [Co(RNH2)3Br]2÷ type with R= Me, Et,
n-pr and n-su have been synthesied. The aquation of these
compiexes have been studied in aqueous solution except for
the[co(n-BUNH)2Br]2÷ complex, in which case the acuation
has been done dioxane-water madium because of thr limited
solubility of this complex in pure water.
The aquation of the complexes [co(RNH2)5Br]2÷ follows
a pseuco-first-order reaction rate and agrees with
e-2 mechanism with an octahedral wedge intermeiiate of
tramsition state
The visible spectra of these complexes have been
resorded and the overlapped 1T1 bands have been resolved
into two Gaaussian curves by least squares. Valuas of
crystal fieid parameters Dq(RNH2), Dq(Br) and Dt in the
complexes have been determined with a method oriqinally
devised by wemtworth and Piper.
3Acknowledgements
The author wishes to express his gratitude to Dr K. Y.
Hui and DrO. W. Lau for their advice and guidance
throughout this work
He is indebted to DrT. C. W. Mak for his helpful
discussion on the computation and Dr. W. K. Li for his
valuable discussion on the result of the visible spectra,
and also to both of them for their unfailing encouragement
and concern. He is also aided by DrC. Y. Lee by his
independent reading and comments on this manuscript. He is
grateful to MrY. H. Law for his help in recording the nmr
spectra and the staff of the Chinese University Computer
Service Terminal for their assistance in the data analysis
Special thanks are due to his friends and colleagues
for their affection and encouragement during the past years
of his graduate study.
Finally, he should like to acknowledge the financial
assistance granted by the Research Institute of Science







List of Tables (v)
List of Figures (vii)








Comparison of hydroxide substitution of Co(III)Table 1
complexes and saturated aliphatic halides 6
Comparison of pyridine substitution of Pt(II)Table 2
complexes and methoxide substitution of
aromatic halides 8
Table 3 Kinetic parameters of the aquation of
[CoRNH2)5Cl]2+ with R= H, Me, Et, n-Pr,
n-Bu and i-Bu 12
Table 4 A-values of [Co(RNH2)5C1]2 and Ho of the proton
ionization of RNH3+
Table 5
Rate constants for agµation of [CoMeNH2)5Br]2
35
Table 6
Rate constants for aquation of [Co(EtH)Br]2+
36
Table 7 Rate constants for aquation of[co(n-PrNH2)]5Br2+
38
Table 8 Rate constants for 4guation of[co(n-BuNH2)5Br]2+
39
Table 9 Comparison of the kinetic parameters for the
aquation of [Co(RNH2)X]2for X=Cl and Br
at 25.0°C, where R H, Me, Et, n-Pr,n-Bu 47
6Page
Correlation of AH values of the protonTable 10
ionization of RNH3+, with the rate constants
of the correponding bromo-complexes
49at 25.0°C
Change of the hybridization of bondingTable 11
orbitals along the reaction coordinate in
the aquation of octahedral Co(III)
53comolexes and saturated aliphatic halides
The absorption spectra ofTable 12
and the calculated values of Dq,(RNH2),
63Dq(Br), Dt
The observed and calculated absorbanceTable 13
64of
The observed and calculated absorbanceTable 14
65of (C104) 2
The observed and calculated abso'banceTable 15
66(C104)2of
The observed andicalculated absorbanceTable 16
67of
The observed and calculated absorbanceTable 17 Theobserbedandcalculted absorbance
68
Table 18 Absorption spectra of some monoapidopenta-
71amminecobalt(III) complexes
Table 19 List of the Dq-values of the
and thethe -values of the
73H0 of the proton ionization of RNH3+
7List of Figures
Page
Tetragonal splitting of the excited states ofFigure 1
15Co(III) ions
Symbolic schematic MO-diagram, of theFigure 2
ions, where R= H, Me, Et,
16
n-Pr, n-Bu and i-Bu
Synthetic scheme of bromopentakis (alkylamine)-Figure 3
19
cobalt(III) perchlorates
Arrhenius plot of the aquation ofFigure 4
40
Arrhenius plot of the aquation ofFigure 5
41
Arrhenius plot of the aquation of
Figure 6
42
Figure 7 Pseudo-first-order reaction rate constants
k's of versus t1 molar
concentration of water in the mixe dioxane-
water solvent at 20.O
43
Figure 8 Arrhenius plot of the aquation of
44
Figure 9 Pseudo-first-orders reaction rate constants
k's of
+ versus the molar
concentration of water in the mixed dioxane-









Structures of the possible intermediatesFigure 10
in the substitution of octahedral Co(III)
51ions
Energy profiles for the proposed mechanismFigure 11
52
62Visible spectra ofFigure 12
Resolution of the shouldered bandFigure 13
into IA and IB transitions for
69
Plot of the Dq-values of theFigure 14
and the -values of the
versus the H°of the proton ionization
of RNH 74
1Object and Introduction
The concept of relative mobility of halogens in nucleo-
philic substitution of organic halides was introduced early
in 1955 by Bolto and co-workers, 1 Group Replacement Factor*
(G.R.F.) is a quantitative expression of such a concept.
Organic halides can be divided into two categories according
to the trend in G.R.F. values: one with the G.R.F. values
increase along the halogen series, i.e., F<<Cl<Br<I, shown
by the saturated aliphatic halides, and the other in a reverse
trend, i.e., F>>Cl>Br>I, shown by the aromatic halides.
The G.R.F. concept was extended to inorganic.nucleophilic
substitution by Chan et al. in 1965.2 Using ,the G.R.F. values
as a guideline, octahedral cobalt(III) complexes2 were found
to,have the reaction pattern ,of the aliphatiq halides while
octahedral rhodium(III)3 and square planar platinum(II)4a-f
complexes have the reaction pattern of the aromatic halides.
The different trends of G.R.F. values were interpreted by
the different roles of hybrization of bonding orbitals in
the transition state relative to their initial states .2,3,4
relative to its chloro-analogue in nucleophilic substitution
reaction.
G.R.F.Value of a compound is the ratio fo the rate constant
2Complexes of the halogenopentamminecobalt(III) type are
appropriate systems to test the G.R.F. concept in octahedral
cobalt(III) complexes since all ligands are inert except
the leaving halogeno-ligand under investigation. Fluoro-,
chloro-, bromo- and iodo-pentamminecobalt(III) complexes
have all been synthesized,and the solvolytic aquation and
base-hydrolysis of these complexes were studied5-13 before
1965. The chloropentakis(methylamine)cobalt(III) complex
was synthesized independently by Chan and Hui, 14 and Parris '15
in 1967, Mitzner et.al.16 synthesized the analogous chloro-
complexes with ethylamine, n-propylamine, n-butylamine and
i-butylamine as inert ligands in 1969. In this r.work, the
synthesis of the analogous bromo-complexes will ,be attempted.
The solvolytic aquation and base hydrolysis of the
halogenopentamminecobalt(III) systems were studied and
were assigned an SN 2 mechanism by Chan et al. 2 The aquation
of the chloropentakis(methylamine)cobalt(III) complex was
investigated and discussed on the basis of an associative
mechanism by Chan and Hui, 14 and Parris 15 independently.
Mitzner et al.17 assigned an SN2 mechanism for the aquation
of the chloropentakis(alkylamine)cobalt(III) complexes
except for the i-butylamine complex, which was considered
to follow an SN1 mechanism. Moreover, the variation in the._,
magnitude of the rate constants of the aquation of the
chloropentakis(alkylamine)cobalt(III) complexes can be cor
3related with the inductive and steric effects of the different
alkylamine ligands. The actuation of the analogous bromo-
complexes will be studied and the G.R.F. values will be
calculated for comparison with those of the bromopentammine-
cobalt(III) complex
The electronic spectra of the aquo-, hydroxo- and chloro-
pentakis(alkylamine)cobalt(III) complexes were studied by
Mitzner et al18 and the ligand field parameters were calculated
using J rgensen's relation.19 However, the method cannot be
applied to the bromo-systems because of the fapt that the 1T2
bands are masked by the charge-transfer bands Instead, a
method similar to that of Wentworth and Piper20 will be used.
4Historical Survey
The investigation of the nucleophilic substitution of
organic compounds was well-developed in the early fifties
of this century as evident from the text of Ingold21 and
earlier proposal of the reaction mechanism had been given
by Werner in 1911.22 The kinetic and mechanistic studies
of inorganic complexes were started at a later time. The
greatest amount of kinetic study has been made on cobalt(III)
and chromium(III) systems9 because of their availability
and their lower reaction rates, which can be followed by
conventional techniques.
At the beginning of this century, a great variety of
cobalt(III) complexes were synthesizedo. Their kinetic
studies were performed under different reaction. conditions
such as low pH aquation, anation and base-hydrolysis at high
pH media. The compositions of the complexes under investi-
gation were varied so that they have -different,,replaceable
ligands, incoming ligands, inert ligands, and-positive or
negative formal charges e Among those complexes, cobalt(III)
complexes of the monoacidopentammine type were of greater
interest because they have only one replaceable acido-ligand
and five inert amrnine ligands.
5However, there was no completely agreeable conclusion
about the mechanism especially when the central transition
metal atoms are different. Furthermore, different interpret-
ations on the basis of SNI or SN2 mechanisms could be obtained
from the same set of kinetic data. Stereochemistry is
complicated by cis-trans isomerization and racemization.23(a)
In 1965 and later, Chan and his co-workers published a
series of papers about the octahedral cobalt(III) complexes
and the related compounds. They2 introduced a new idea of
the comparison and correlation between inorganic and organic
bimolecular nucleophilic substitution reactions. As seen
from their results (Table 1), the Group Replace tent Factor
(G.R.F.) values of the inorganic systems were compared with
those of the organic systems.The good agreement of the
trends and the order of the G.R.F. values between the octa-
hedral cobalt(III) complexes and the saturated aliphatic
halides inspired Chan and his co-workers to inyestigate the
futher parallellism between square planar platinum(II)
complexes and aromatic halides.4
In 1962, Haake24 studied the nitrite substitution
reaction of cis-dichlorodiamminpplatinum(II) and, cis-chloro-
nitrodiammineplatinum(II) complexeso The late showed non-
linear relationship to concentration of nitrite, ions. The
result was consistent with prection by the mechanism,
6Comparison of hydroxide substitution of CO(III)Table 1.
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After that, Gray25 made a first attempt to study the various
halogeno-platinum(II) complexes. In 1968, Chan and Wong4a
repeated Gray's experiments at different temperatures. Their
results are summarized in Table 2.
One may notice the different roles of the activation
entropy terms( 4 or log10B)in octahedral cobalt(III) and
square planar platinum(II) systems, For octahedral
cobalt(III) complexes and saturated aliphatic halides,
activation energy terms playa minor role whi le the entropy
terms differ from each other to a greater extent along the
halogen-compounds series. .For the square planar platinum(II)
complexes and aromatic halide, the opposite happens. After
a further look into the hybridization of. the bonding
orbitals of the complexes in the transition states or inter.
8Table 2. Comparison of pyridine substitution of platinum(II) complexes





















(b) The order of the rate constants is the same as their o-isomers.
9mediates, such difference would not be surprising. For the
cases of octahedral cobalt(III) complexes, 2(a) the intermediate
will have either dx2-y2-sp3 hybridization with a shared dz 2
orbital or dz2-sp3 hybridization with a shared dx2-y2 orbital
as illustrated in-the following scheme together with the




Instead, for the square planar platinum (II) complexes, 4a the
vacant 6pz orbital is very close in energy to the set of
dsp2 hybrid orbitals and can therefore take part in bond
formation to give the fully bonded five-coordinated inter-
mediate. The situation that a participation of a low-lying
unfilled orbital in the square planar platinum(II) complexes
and aromatic halides is shown as follows,
dspsquare planar Pt(II):
sp3
aromatic halides: sp (4)
Complexes other than cobalt(III) and platinum(II) can
also be divided into saturated aliphatic halides' reaction







trend of G.R.F. values along the halogeno-complexes series.
The former type has an increasing trend for bimolecular
nucleophilic substitution reactions, i.e., F<C1<C<Br<I,
whereas the latter type has a decreasing trend.
The aromatic halides type of reactions may be inter-
preted as to follow a two-step mechanism with a fully bonded
intermediate. 2(b) The approach of the nucleophile would be
facilitated by more electronegative halogeno-ligands as seen





rearrangement YAYA (5)M M AAA A
X
X
The electronegativity of halogens and the rate of nucleophi
lic substitution are in parallel orders, F>Cl>Br>I and
Cl>Br>I respectively.
On the other hand, the aliphatic type of reaction may
be interpreted as to follow a.one-step mechanise (b) via a
partial bond-rupture and bond-formation intermediate. More-
over, factors consequent on the, partial rupture of the metal-
halogen bonds control the order of the reactivities. Bond
dissociation energies are thei most important factor in the
11
nucleophilic substitution of saturated aliphatic halides'
reaction pattern.
Substitution reactions of octahedral rhodium(III)
complexes were interpreted as to follow an aromatic halides'
reaction pattern3 However, as the 6s-orbital of rhodium(III),
which is comparatively higher in energy, is involved in the
bonding in the intermediate, the similarity in behaviour
between rhodium(III) complexes and the aromatic halides is
not as close as that between platinum(II) complexes and the
aromatic halides.
The mechanism of substitutions in halogentopentammine-
chromium (III) complexes were found to depend on the nature
of the halogen, being bimolecular for fluoro- and unimolecular
for the other halogeno-cations 26
The investigation of the aquation of the halogenopenta-
amminecobalt(III) type of complexes was extended to systems
containing methylamine14'15 and other alkylamines17 as ligands.
The results are summarized in Table 3
The activation energies were plotted against enthalpies
of the neutralization of the corresponding alkylamines17 and
a linear relation was observed This indicated that there
exists a correlation between rate constants and basicities
12
Table 3. Kinetic parameters of the aquation of [c(RNH2)5C1]2+




22.0 13.46(c)0.10 0.389 1.330.004(b)Me
12.23 (c)22.90.1-0.01 0.222(e)0.001(d)
-10231.33 23.20.3890.002 0.01
-2.22Et 5.83 21.90.002 0.01 1.82
0.002n-Pr 0.005 6.47
-3.5921.50.01 6.460.002 2 0O7
0.002 0.02 6.45
0.01(f) 4.280.002
-3.54n-Bu 0.002 0.01 2.3 21.47.16
-18.30.002i-Bu 0.01 3.57 8.64 16.7
(a) From .reference 17 except for those with remarks.
(b) From reference 14,
(c) These are log10B values.
(d) From reference 15,
(e)
.From reference 15; at 25°C.
(f) Reaction in dioxane(10%,v/v).
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of ligands. The i-butylamine complex was the only complex
believed to follow an SN1 mechanism because of the lack of
correlation between activation energy and enthalpy of proton
ionization of the onium ions, RNH3+, as in the case of the others.
The influence of steric effects on the rates of substi-
tution reactions in octahedral cobalt(III) complexes has been
reported. 27 The effect is quite large for chelated complexes
On the other hand, the influence of inductive effects on the rates
was found to be small for octahedral cobalt(III) complexeso28
The d-d spectra of the rmonoacidopentamminq and trans-
diacidotetrammine complexes of, cobalt(III) ion have been the
subject of numerous studies from which have emerged several
empirical relationships concerning band splittings as a
function of the ligands.29 The complexes of both types could
be treated as a tetragonal perturbation of the parent octa-
hedral hexamminecobalt(III) complex.
In 1951, Linhard and Weigel29a,c pointed out that the
splitting of the low-energy band could be observed if the
axial ligands were well-separated from ammonia in the spectro-
chemical series. However, if the separation is not very large,
only a band shift or broadening is observed. n no instance
has splitting of the high energy band been observed, although
it may well be masked by the onset of charge-trF.nsfer trans-
14
itions. As for the series of fluoro-, chloro-, bromo- and
iodo-pentamminecobalt(III) complexes, both high energy(1T2
and low energy( 1T 1) bands are observed for fluoro- and
chloro-complexes whereas the former bands are masked for
bromo- and iodo-complexes, 30 However, the transition 1T1
of the bromo-complex is so well-split that clear shouldered
bands are observed, while the shoulder is masked for the
iodo-complex. In the notation of Linhard and Weigel, the
bands are labeled IA, IB (both originate from 1T), and II
1
( 1T2) in order-of increasing energy.
In 1965 , Wentworth and Piper 20 reported .an exploration
of the crystal field model using empirical radial parameters
in order to test their reliability and value in interpreting
the observed spectral splittings. The crystal: field model
predicts the energy levels of the d6 cobalt(III) ions in
strong octahedral field as given in Figure 1, where the
tetragonal splitting of the excited states and 'their relativ ordering are also given. In their treatment, the so-called
internally consistent values of the crystal field parameters
Dt' and Dq' were calculated from the energy of IA band of
the substituted complex and that of the 1T band of the
1g
corresponding parent octahedral complex. In the crystal
field approximation, the energy of the A2 state is exactly
that of its parent octahedral ?T state. Furthermore, when
1g
the field strength of the axial liaands is less than that of
15
the in-plane ligands, the energy of the 'Ed state is less
than that of the 1A2 state. These assignments of the ordering
were in full accord with the earlier oneso31














In 1971, Mitzner et al.18 calculated the field para-
meters of the chloropentakis(alkylamine)cobalt (III) complexes
using JOrgensen' s formalism 19 within the framework of ligand,
field theory instead of the crystal field model of Wentworth
and Piper mentioned previously. The energy level diagram
of the molecular orbitals of the complexes and-the field
parameters of the alkylamine ligands are given in Figure 2
and Table 4, respectively. As indicated in Table 4, the
results obtained by Mitzner et al. and those by Weal tworth
16
Figure 2.
Symbolic schematic MO-diagram of the [co(RNH2)5Cl]2+
ions, where R = H, Me, Et, n- Pr, n-Bu and i-Bu:
a for antibonding, n for nonbonding, b for bonding,





















and Piper are different for the pentammine system. Also,
Mitzner et al. mentioned the linear relationshipl8a between
the values of the alkylamines in the complexes and the
enthalpies of the proton ionization of the onium ions, RNH3 +,32
(6)
Table 4 .values of the chloro-complexes and H° of the
proton ionization of RNH3+






By Wentworth and Piper. 20
18
Synthesis
Chloropentakis(methylamine)cobalt(III) nitrate and the
corresponding perchlorate were synthesized successfully by
Chan and Hui14, and Parris15 independently in 1967. Aquopentakis-
(methylamine) cobalt(III) complex was also synthesized by
Parris.l5 Syntheses of the analogous chloro-complexes con-
taining such alkylaminesas ethylamine, n-propylamine, n-butyl-
amine and i-butylamine were performed by Mitzner et al.16
A synthetic plan for the analogous bromo-complexes can
be designed on the basis of the methods suggested in the
articles mentioned above and the fact that acidopentammine-
cobalt(III) complexes could be prepared by the reaction of
aquopentamminecobalt(III) complex with an acid or acid salt.33
The proposed scheme is shown in Figure 3
The reactions were carried out in 70-80% aqueous
methanol. However, some of the methanol were driven away
by using a rotary evaporator at room temperature after
addition of hydrobromic acid for the preparations of the
n-propylamine and n-butylamine complexes because they are
more soluble in methanol, and no heating was used to avoid
decomposition of the complexes.
19
















The details.' of the procedure for the syntheses of the




Pyridine(30g) was added to 20g of cobaltous chloride
hexahydrate in 30m1 of water. The resulting dark-blue
solution was treated with a stream of chlorine gas with
temperature kept below 40°C for about 30 minutes. The crude
product was filtered and recrystallized from aqueous methanol.
Sheet-like crystals(10g) were obtained and the yield was
20
about 20%.
C,49.9; H ,4.2 N, 11.5.Anal. Found:




hexahydrate (4g) was mixed with 10ml of 40% aqueous methyl-
amine solution. The resulting dark-red solution was placed
in an ice-sodium chloride.bath. After stirring for a few
minutes,10ml conc. hydrochloric acid was added dropwise to
speed up the crystallization of the product. The reaction
mixture was then allowed to stand in a refrigerator for 24
hours and precipitate of chloropentakis(methylamine)cobalt(III)
chloride was separated.
The crude product was dissolved in a minimum amount of
70% aqueous methanol and then 5m1 of 70% perchloric acid
was added. The reaction mixture was allowed to stand in a
refrigerator overnight. Dark-violet crystals of chloro-
pentakis(methylamine)cobalt(III) perchlorate were obtained.
Found ;C, 13.2; H, 5.7 N,15.7 total-C1, 7.7Anal.
ionic-C1, 0.2.
Calc. for [co(MrNH2)5C1] (C104)2: C, 13.38; H, 5.58
N, 15.61 total-Cl, 7.91 ionic-C1, 0.00
21
Chloropentaki s (ethylamine) cobalt (III) perchlorate 16
3.
Trans-dichlorotetrakis(pyridine)cobalt(III) chloride
hexahydrate (4g) was mixed with 10ml of e thyl ami ne which was
freshly distilled and dried with calcium oxide. After
sufficient reaction had taken place, 10ml of conc. hydro-
chloric acid was added dropwise. The reaction mixture was
allowed' to stand in a refrigerator for 24 hours and precipitate
of chlor_opentakis (ethylami ne) cobalt (III) chloride was obtained.
The crude product was then changed to the perchlorate form by
a method= similar to that used for the corresponding methylamine
complexo!
Anal. Found: C, 23.2 H, 7.1 N, '13.7 total-Cl, 6.8
ionic-Cl, 0.1.
Calc. for [Co(EtNH2)5C1J(C104)2: C, 23.15 .H, 6.75;
N''1.3.50 total-Cl 6.84 ionic-Cl, 0000.
Chloropentakis(n-propylamine)cobalt(III) perchlorateib4.
Trans-dichlorotetrak.is(pyridine)cobalt(III) chloride
hexahydrate(4g) was recrystallized again from aqueous methanol.
The crystals separated were mixed with 10ml of n-propylamine
which had been freshly distilled and dried with calcium oxide.
After sufficient reaction, 10ml of conc. hydrochloric acid
was added dropwise to the reaction mixture as described
previously for the corresponding methylamine complex. The
reaction mixture was then allowed to stand in a refrigerator for
at least 12 hours and precipitate of chloropentakis(n-propyl-
amine)cobalt(III) chloride was obtained. The crude product
was changed to the perch orate form with a procedure similar to
that used for the corresponding methylamine complex.
Anal. Found: C, 30.4 H, 7.8 N, 11.9 total=C1,16.0
i6nic-C1 0.0.
Caac. for [Con_PrNH25C1]C104)2: C, 30.60 H, 7.70
N,',' 111.89 total-Cl, 6.02 ionic-Cl, 0.00.
5. Chloropentakis(n-biitylamine)cobalt(III) Perchlorate'
The procedure was similar to that for the preparation
of the analogous n-propylamine complex, except that ..anhydrous
n-butylairfine was used instead of anhydrous n-propylamine.
Needle-shaped crystals of chloropentakis(n-butylamine)cobalt(III)
perchlorate were obtained..
Anal. F6Und: C, 3606 H,' 804 N, 1009 total-C1, 5.5
ionic-C1, O01.
C'a1c. for [Co(n-BUNH2)5C1j(C104)2: C, 36.45 H, 8035
N ,`- 10.63 total-C1' 5.38 ionic-C1, 0.000
6. Bromopentakis(methylamine)cobalt(III) perchlorate
Chloropentakis(methylamine)cobalt(III) perchlorate(5g
obtained above was dissolved in a minimum amount of 70%
aqueous methanol and 5ml of 65% nitric acid and 1.3g of
silver oxide were added. The suspension was stirred for
about 12 hours. After filtration, the solution was left to




Anal. Found: Cl 1405 H, 602 N, 2705 total-Cl, 000.
.Calc0 for Co(MeNH2)5OH2 (NO3)3: C, 14.36 H, 6.20
'(N, 26.80 total-C1, 00000
The dark-red crystals were again dissolved in a minimum
amount diF 70% aqueous methanol, and 3ml of 48% hydrobromic
acid was- added. The resulting solution was stirred for
half an-hour. Precipitate of small amount of silver bromide
was-filtered off.. The filtrate was allowed to stand overnight
in a refrigerator. Precipitate of bromopentakis(methylamine)-
cobal t (.?EI) bromide was :collected. The bromide was then
changed--to the perchlora'te form by the similar procedure as
described previously for chloropentakis(methylamine)cobalt(III)
perchlorate.
Anal. Found: C, 1202 H, 500 N, 1403 total-Br, 16.0
ionic-Br, 0 010
Calc. for ICo(MeNH2) 5Br] (C104)2: C, 12 018 H, 5.11
N, 1420• total -Br, 16.12 ionic-Br, 0.00.
7o Bromopentakis(ethylamine)cobalt(III) perchlorate
Chloropentakis(ethylamine)cobalt(III) perchlorate(5g.)
was dissolved in a minimum amount of 70% aqueous methanol
and 5m1 of conc. perchlor c acid and 1.lg of silver oxide
were added and the resulting suspension was stirred overnight.
The mixture was filtered and 1.5m1 of 48'/0' hydrobromic acid
was added to the filtrate and the resulting solution was
stirred for half an hour. Some silver bromide precipitated
was filte'tbd off o The filtrate was then allowed to stand
overnight. 'in a refrigerator and, crystals of bromopentakis-
(ethylamine)cobalt (3) pe-rchlorate were isolated.
Anal. F6 nd: C, 21.0 , 6.3 N, 12.5 total-Br, 14.0
ionic- Br, 0.2.
Calc. for [Co(EtNH2)5Br](ClO 4)2: C, 21.33 H, 6.26
N1*12.44 total-Br', 14.19 ionic-Br, 0.00 0
g. Bro'mrobentakis(n-propVlamine)cobalt (3) perchlorate
Chlbropentakis(n-propylamine)cobalt(3) perchlorate(5g
was dissol'ved in a minimum amount of 70% aqueous methanol
and 5ml b-f conc. perchlorl c acid and 1.Og of silver oxide
were added and the resulting suspension was stirred for six
hours until the mixture turned red. The mixture was filtered
and 1.5ml== of 48% hydrobromic acid was added to the filtrate
and the resulting solution was stirred for half an hour0
Some silver bromide was precipitated and was filtered off.
The methanol content was reduced to a minimum by a rotary
evaporator without heating0 The solution was then allowed
to stand overnight in a refrigerator and crystals of bromo-
pentakis(n-propylamine)cobalt(III) perchlorate were isolated
and washed with cold distilled water0
Anal. Found: C, 28.3; H, 83; N, 11.O total-Br, 12.6
ionic-Br, O.2.
Calc. for [co(n_PrNH2)5Br](C10 4)2: C, 28.45; H, 8.05




The procedure was similar to that for the preparation
of the analogous n-propylamine complex except that chloro-
pentakis(n-butylamine)cobalt(III) perchlorate was used
instead of the corresponding n-propylamine complex. Crystals
of bromopentakis (n-butylaimine) cobalt( III) perchlorate were
isolated.
Found: C, 34.2; H7 7.90 N, 10.0; total-Br, 11.2Anal.
ionic-Br, 0.2.
Calc. for [con(n-BuaNH2) 5Br (C'104)2: C, 34.15 H, 7.88
N, 9.96 total-Br, 11.36 ionic-Br, 0.00.
II Characterization of.Complexes
1. Determination of total chloride content
A weighed amount of the complex to be determined was
dissolved in water and treated with excess alkali. After
acidification, the solution was allowed to pass through a
column of Amberlite IR-200 resin in the acid form. The
chloride ions in the effluent and washings were determined
by the Buchler-Cotlove Chloridometer Model 4-2000, which
was preliminarily calibrated with standard chloride solution
as suggested in the instruction.
2. Determination of ionic and coordinated chloride contents
A weighed amount of the complex was dissolved in ice-
cold distilled water and was allowed to pass through an ice-
26
jacketed column of Amberlite IR-200 resin in the acid form.
The chloride ions in the effluent and washings were determined
by the Buchler-Cotlove Chloridometer. The coordinated
chloride content was calculated by subtraction of ionic
chloride content from the corresponding total chloride
content:
3. Determination of total and ionic bromide contents
The procedure was similar to that described above for
the determination of chloride contents except that the
Buchler-Cotlove Chloridometer was preliminarily calibrated
with standard potassium bromide solution.
4. Determination of C.H.N contents
The percentage of the carbon, hydrogen and nitrogen
contents were determined by the Hewlett-Packard CHN Analyser
Model 185. Cystine was used as standard in the calculation.
The electrobalance was calibrated with 5mg standard weight.
5. Infrared spectra of the complexes
The infrared spectra of the complexes were recorded
by a Beckman TRIO Infrared Spectrophotometer. The cobalt-
halogen absorption frequencies are in the region outside
the scope of our spectrophotometer.
The characteristic peak of nitrate ion is at 1740cm
and does not overlap with the alkylamine absorptions. The
characteristic peak of perchlorate ion is at 1105cm -1 and
overlaps with those of the alkylamine absorptions.
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6. NAxclear magnetic resonance spectra of the complexes
The proton magnetic resonance spectra of the complexes
were recorded by the Joel C-60HL High Resolution NMR Instu-
ment.The spectra of the chloro- and bromo-pentakis-
methylamine)cobalt(III) complexes are similar except for
a small shift of the N-H signal to higher field for the
bromo-complexes. For the aquo-complex, the shift is to-
wards the down field region. An additional proton signal
corresponding to the aquo-ligand is present just adjacent
to the methyl signal. This is consistent with the result
ofParris.15
Patterns of ethyl.,n-propyl and n-butyl groups can
be observed for the corresponding ethylamine, n-propylamine
and n-butylamine complexes although overlap of signals of
the diastereomeric alkyl groups, trans and cis to the
halogeno-ligands, occurs.
7. Ultraviolet-visible spectra of the complexes
The ultraviolet and visible spectra of the complexes
were recorded by a Hitachi Model. 323 UV-VIS-NIR Recording
Spectrophotometer There were two characteristic absorp-
tions of 556-566nm and 382-388nm observed for the chloro-
pentakis(alkylamine)cobalt(III) complexes, 517nm and 365nm
observed for the aquopentakis (methylamine) cobalt (III)
complex,respectively and one shouldered band of 550-580nm
for bromopentakis(alkylamine)cobalt(III) complexes. Spectra
of the chloro-complexes and the aquo-complex were similar
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to those obtained by Mitzner et al. 18 and Parris. 15 Spectra
of the bromopentamminecob0alt(III) complex were similar to
that found in the text of Schlafer.30 Results of the bromo-
complexes could be found in the last chapter.
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Aquation
The motivation of the synthesis of halogenopentakis-
(alkylamine) cobalt (III) complexes was constricted by the
limited stabilities of the complexes in solution of high pH.
It was an experience that chloropentakis(methylamine)cobalt(III)
perchlorate crystals decomposed to a water insoluble slurry
if not stored in a desiccator for a few day. This observation
shows the deliquescent nature and instability of the complexes.
Hence, only aquation, and notbase hydrolysis, of the alkyl-
amine complexes was studied in the present investigation.
Incomplete aquation of rhodium(III) complexes was
observed by Johnson et al.,35 but this problem is not serious
in our kinetic runs. Nevertheless, only points of kinetic
runs before the half-lives of the aquation of these complexes
were considered in the determination of the rate constants.
The apparatus and method for studying the reaction,
the data and results obtained, and discussion on the results
will be presented in the following sections.
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Apparatus and Method for Studying the ReactionIo
1. Apparatus
Thermostata.
The aquation was studied at temperatures ranging from
15° to 40°C. The thermostat used was of the conventional
type capable of holding temperature constant to± 0.1°C, and
ink was added to darken the water in the tank to reduce
possible photo-reaction of the complexes in solution,
b. Cation-exchange resin column
A. glass tube of internal diameter 15mm and length 500mm
with a stop-cork was filled with Amberlite IR-200 resin in
the acid form to a length about 50mm. The column was surrounded
with.a jacket containing a mixture of dry-ice and acetone to
keep the temperature under -5°C.
c. Automatic titrator
A Buchler-Cotlove Chloridometer was used to titrate the
halide ions liberated during the aquation. The titrator was
calibrated with standard halide solution before each kinetic
run as suggested in the instruction manual.
d. Spectrophotometer
A Hitachi Model 323 UV-VIS-NIR Spectrophotometer was
used to record the visible spectra of the reaction solutions
at appropriate time intervals. The scanning time was selected




IT-he aquation was studied ti trimetrically for `-the
methyl-amine and ethylamine complexes, and spectrophoto-
.metrically for the n-ptopylamine and n-butylamine complexes o
The n-butylamine complex dissolves slightly in water
so that the concentration of the bromide ions liberated
during' the aquation is =glow and cannot be determined accurately
by titrimetric methods.l' Although the n-butylamine complex
dissolves more readily in water-organic solvent mixtures,
yet, the' separation of the liberated bromide ions from the
reactiorx solution by the- cation-exchange resin is not complete
that again titrimetric method cannot be applied to follow
the kinetics. However,=-s pectrophotometric method can be
used -fdr' this complex.
The reactions were studied'in aqueous solutions for
the methylamine, ethylamine and n-propylamine complexes and
in dioxane-water mixture for the n-butylamine complex with
temperature constant to± 0.1°C0 The solution was contained
in a stoppered amber-glass bottle to exclude light from the
reaction mixture and to prevent evaporation of water during
the experiment. The reaction mixtures were made 0.1 N or
0.05 N in nitric acid. For the ti trimetric method, appropriate
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amounts of the reaction. solution were withdrawn at different
recorded-time intervals and after queched in a dry ice-acetone
bath, they were passed through an ice-jacketed column of
Amberlite IR-200 resin in the acid form. The halide ions in the
the effluent and washings were combined and titrated with the
chloridoteter. For the spectrophotometric method, the visible
spectra of the reaction solution were recorded by the specto-
photometdri and the absorbances at several 's close to the max
of the bromo-complex were measured at different time intervals.
The aquation of the complexes, which is treated as a
pseudo-first. order reaction, may be represented by the following
equation,
(7)
The integrated rate law of this reaction at T°K is, 36 (a)
(8)
so that a plot of log10(A- A oo) against time t should be a
straight line with slope as,
(9)
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where, k= the first-order reaction rate constant at
physical! quantity which is a' linear function
of the concentration of the reactant,
at time t,
initial and final A respectively.
Hence, (a) for the titrimetric method,
the concentration of the bromo-complexes,
the initial conc. of the bromo-complexes,
the infinite conc, of the bromo-complexes (=O)
the conc. of the liberated bromide ions in the
reaction solution at time t;
(b) for the specbcophotometric method,
A= the absorbance of the reaction solution at
at time t, which can be shown to be a linear
function of the conc. of the bromo-complexes,
the initial and final absorbances respectively.
According to Arrhenius' equation,
the pre-exponential factor, and is slightly
temperature-dependent,
the Arrhenius activation energy of the reaction,
(10)
Hence, a plot of log 10k ,gains t 1/T would give a straight
line of slope as,
(11)
The entropy of activation, nS, was obtained according to
36(C)
the Absolute Reaction Theory as follows
(12)
where, No= the Avogadro's number,
h= Plank's gpnstant,
4H#= the enthalpy of activation,
Since
(13)
The reaction rate constants of the aquation of the
bromopentakis(n-butylamine)cobalt(3) complex in pure water
at different temperatures may be deduced by plotting the
pseudo-first-order reaction rate. constants at the corresponding
temperature against the concentrations of water in the dioxane-




1 Aguation of bromopentakis(methyla ine)cobalt(3)o
perchlorate
The aquation of [co(MeNH2)5Br] (C1O 4) 2 was studied
titrimetrically at 30.0° 25.CP, 20.0°and 15.O°C in aqueous
0.05 N nitric acid medium 0 The average values of-the rate
constant determined by three kinetic runs at each temperature
are collected in Table 5 and the Arrhenius plot for the
aquation is shown in Figure 4 on page 40.
Table 5. Pseudo-first-order rate constants for the aquation
of [Co(MeNM 2) 5 Br] (C10 4) 2 in aqueous solution made
0.05 N in nitric acid
Temp. Ionic strength Rate constantInitial [complex]
(min -1)(°C) (mmole/l (mole/1)
2.0030.0 O.212 0.02965
2.0025.0 O.212 O.0O1724




2. Aguation of bromopentakis(ethylarmine)cobalt(III)
perchlorate
The aquation of [Co(EtNH2)5Br(C104) 2 was studied
ti trine trical ly at 25.0°, 20,0° and 15.0° in aqueous
0.05 N nitric acid medium. The average values of the
rate constant determined by three kinetic runs at each
temperature are collected in Table 6 and the Arrhenius
plot for the aquation is shown in' Figure 5 on page 41.
Pseudo-first-order rate constants for theTable 6
aquation of [Co(EtNH2)5Br](C104)2 in aqueous
solution made 0.05 N nitric acid






3. Aquation of bromopentakis(n-propylamine)cobalt(III)
perchlorate
The aquation of ad (n-PrNH2) 5Br] (C104) 2 was studied
spectrophotometrically at 2500°, 2000° and 15.0°C in aqueous
solution made 0.05 N in nitric acid. For each temperature, the
values of the rate constant were calculated using the absorbance
data at serveral/ s close to Amax of the bromo-complex and the
average was taken. The results are collected in Table 7 and the
Arrhenius plot for the aquation in various dioxane-water mixtures
made 0.0 N in nitric acidL L at 20.0°C are also shown in the same
table. Figure Von p.435 shows the linear relation between the
rate constants and the molar concentrations of H 2 0 in the solution.
4. Aquation of bromop,entakis (n-butylamine) cobalt(III)
Perchlorate.
The aquation of [cb(n-BuNH2)sBr1(clo4)2 was studied
pectrophotometrically at 40.0°, 30.0° and 20.0°CC in 48.8, 40.0,
30.3 and 20.24%(w/w) dioxane-water mixtures made 0005 N. in nitric
acido For each temperature, the values of the rate constant
were calculated using the absorbance data at serveral 's close
to max of the bromo-complex and the average was taken. .The
results are collected in Table 8 on page 39 and the Arrhenius
plot for the aquation is shown in Figure 8 on page 44. Figure 9
(on page 45) shows the linear relation between the rate constants
and the molar concentrations of water in the mixed solvents at
the corresponding temperatures. The extrapolated values of the
rate constants in pure water are obtained by these plots.
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Table 7. Pseudo-first-order reaction rate constants for
the aquation of [Co(n-PrNH2)5Br] (C104)2 in aqueous
solution made 0.05 N in nitric acid, and that in
various dioxane-water mixture at 20.0°C
Temp. Initial [complex] diaxane. [water] Rate constant
25.0 2.0 0.00 55.51 0.06346
20.0 2.0 0.00 55.51 0.03443
2.0 10.24 49.90 0.02797
2.0 20.35 44.50 0.02260
2.0 30.30 39.20 0.01718
2.0 40.00 34.05 0.1143
2.0 48.80 29.70 0.006842
15.0 2.0 0.0 55.51 0.01829
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Table 8. Pseudo-first-order rate constants for the aquation
of- [co(nBuNH2)5Br] (C104) 2 in various dioxane-
water mixtrues made 0.05 N in nitric acid
Temp dioxane Rate constantInitial Ccomplex[ [Water]
(°C) (mmole/1.) M(%,w/w) (min-1)
40.O (0.00) ( 55.51) ( O.487)*
2.0 20.35 44.50 O.292
2.0 30.30 39.20 0.200
20 40.00 34005 O.108
200 48.80 29.70 000367
30.0 ( 0.00) ( 55.51) ( O.156)
2.0 20.35 44.50 0.0940
2.0 30.30 39.20 O.O642
200 40.00 34.05 0.0347
2.O 48.80 29.70 0.0118
20.O ( 0.00) ( 55.51) ( 0.0466)
2.O 20.35 44.50 0.0279
2.0 30.30 39.20 O.0196
2,0 40.00 34.05 0.0109
2.O 48.080 29.70 0.00350
(25.0) ( 0.00) ( 55.51) ( 0.0871)
These are extrapolated values.
This is the value. deduced. fr_om the Arrhenius plot on p.44.
Eact=21.42 0.06 kcal/mole,
s#=-1.7 0.2 e.u./mole at 25.0°c.
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Figure 7. Pseudo-first-order reaction rate constants k's of
[Co(n-PrNH2)5Br] 2+ versus the molar concentration




















Pseudo-first-order reaction rate constants k's ofFigure 9.
[Co(n-BuNH2)5Br]2+ versus the molar concentration



















III. Discussion on the Results
Since the complexes under investigation contain one
replaceable halogen group and five inert alkylamine molecules
as ligands, all changes in the rate constants for the same
alkylaminte ligands could be attributed entirely to the change
of the halogeno-ligands. On the other hand, if the alkylamine
ligands varies while the halogeno-ligand is the same, the
change of the rate constants would then be attributed to
the influences caused by the additional methylene groups
attached to the five inert alkylamine ligands There are
two important influences' to be discussed later: inductive
and steric effects
From the data obtained, a parallellism to the ammine
complexes was found. A comparison of the G.R.F. values of
the [co(RNH2)5Br]2+ complexes, where R = H, Me, Et, n-Pr,
n-Bu, as given in Table 9, would show the case clear From
the parallel G.R.F. values of the alkylamine complexes to
the analogous ammine complex, an SN2 mechanism for the
aquation of the former are assigned as in the case of the
latter 12
For further discussion, a collection of the kinetic
parameters of the aquation of the chloro- and the bromo-
pentakis(alkylamine)cobalt(III) complexes, where alkylamines
9. Comparison of the kinetic parameters for the actuation of [co(RNUU2)5x]2+=c1 for X= Cl
O
and Br at 25 C, where R= H, Me, Et, n-Pr., n--Bu
Me E n-Pr n--BuR
X
38.9 1 113.9 1 126.8Cl 1 11.0 1
.8 5.4 5.6 871 6.9634.64.43.8 172.4 99.0Br
Eact, kcal/rnole
21.9 21.422.00 21.5(d)Cl 23.7
Br 21.324,0 21.11 21.25 21.42




(a) From reference 12. (b) From reference 14
(C) calculated from equation (12) using kinetic parameters given in re erence 1.4
(1)(1) of equation(10)and lcinetic
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being methylamine, ethylamine, n-propylamine or n-butylamine,
is shown in Table 9 together with the values of the analogous
ammine complexes, 12 We notice that there are only marked
changes in the rate constants along the series of the
complexes with R= H, Me. After that, small increases were
observed for R= Et, n-Pr and n-Bu. In order to show
the relation between inductive effect and the reaction rates,
rate constants at 25.0°C and H° values for the proton
ionization of the monoprotonated onium ions RNH3' 32 are
listed in Table 10.
The parallellism seems good. An explanation to such a
parallel1ism is that the lower affinity of the nitrogen
atom in NH4+ towards proton (as evidenced by the smaller
AH° value) would be an indication of lower inductive power
to Co(III) atom in the ammine complex. 23(c) For the
analogous alkylamine complexes, the higher inductive power
of the nitrogen atoms of the alkylamine ligands towards the
Co(III) atom would lead to a fact that the bromo-ligand
would be held less firmly by the less positive Co(III) atom
and thus the release of the bromo-ligand would be facilitated.
This agrument agrees with the viewpoint that the breaking
of Co-Br bond is important in the transition state. A
similar parallellism was found for the analogous chloro-
comolexes.17
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Table 10. Correlation of 4H° values for the proton
ionization of RNH3+ with the rate constants of
i 1:
the aquation. of the corresponding bromo-complexes
at 25.0°C
H Me Et n-Pr n-Bu
12.51 13.29 13.71 13.84 13.98
38 (b)
536.172 634 871
(a) From reference 32.
ti
(b) From reference 12.
Th'e small influence of the steric effect of the aikyl-
amines oocf the [CoRNH2Br]2+ complexes is another evidence
of the proposed SN2 mechanism. For chelated Co(III) complexes,
serveral up to ten-fold increases of the rate constants of
aquation have been observed for an additional methyl substi-
tuent on the amine ligands according to the results of
Pearson et1.27 Such an acceleration by steric hindrance
is an evidence of an SN1 mechanism. On the contrary, the
increase lin the rate constants of the aquation of our bromo-
complexes is small, despite of the fact that the steric
hindrance increases quickly along the series of R= Me, Et,
n-Pr and n-Bu for [coRNH2sBr2+ complexes,
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A great decrease in the rate constant of the aquation
of the n-propylamine and n-butylamine complexes when organic
solvent li added is a stung evidence of the participation
of water ,molecules in the rate-determining step. The
linear relationship between the rate constants and the
concentnations of water has been shown in Figures 7and 9 on
p. 43 and45. The decrease was also shown for the chloro-
pentakis5('n-propylamine)cobalt(III) perchlorate in the report
17
of Mitzner et al. (seer Table 3 on page 12).
The aquation of the chloro- and the bromo-pentakis-
(alkylamine)cobalt(III) complexes is considered to be similar
to the SN2 reactions of the saturated aliphatic halides not
only because of the comparable magnitude of the G.R.F. values,
but also' because of the comparable values of the activation
energies.between the two sys tems of' compounds. The reaction
mechanisms may then be treated in a similar way. Asperger
and Ingold 37 postulated two possible transition states for
bimolecular nucleophilic substitutions in octahedral Co(III)
complexes, one for direct replacement and the other for
edge-displacement. Chan et al. 2(a) proposed a similar
intermediates having structures as in Figure 10. In the
figure, X and Y correspond to the leaving and incoming groups
respectively. For bimolecular nucleophilic substitutions
in octahedral cobalt(III) complexes of the pentammi ne type,
it is impossible to tell which of the d-orbital is shared
Structure ,9f possible intermediates in substitu-Figure 10.








as the'-five remained ligands are identical. For hydroxide
substitutions, the second intermediate, 2, which is similar
to a trigonal bipyramidal structure, is preferred with its
greater separation-of leaving and incoming groups. However,
the first intermediate, I, which is similar to the so-called
octahedral wedge structure, is preferred for the aquation
of our alkylamine complexes as in the following proposed
pathway because of the requirement of less motion of ligands.
With reference to the proposed pathway of the aquation
that bond-breaking is important in the transiton states, the
reaction pathway can be deduced as follows,






where the rate-determining step may be stepwise or concerted
























where tWo transition states, [Ts]
and [TS] and one reactive
octahedral wedge intermediate, [I] are involved. For
concerted mechanism, bond rupture and bond formation are
synchronous. Figure 11 shows schematically the energy profiles
for the-two mechanisms,
Figure 11.
Energy profiles for the proposed mechanisms:
(i) the stepwise mechanism











However, the two pathways are practically alike since
the existence of the reactive intermediate cannot be proved
experimentally. The s1 Lghtly higher potential energy of
[TS]* than [TS] 1 is to indicate the importance of bond
rupture over bond formation.
The hybridization ©f bonding orbitals along the reaction
coordir .te compared with-the saturated aliphatic halides may
be shown(in the following table,
Change of hybridization of bonding orbitalsTable 12.,
along the reaction coordinate in the aquation of
octahedral Co(III) complexes and saturated
aliphatic halides
Initial Transition Final
I: s to to state state
Co (III)' complexes d2sp3(dsp3+ shared d 2)d2 s p3
saturated aliphatic
3 3
halides sp sp(sp2+ shared pZ)
In conclusion, the GoR.F. values of the aquation of
bromopentakis(alkylamine)cobalt(III) complexes compared with
the corresponding chloro-complexes are in the same order as
that of the aquation of the analogous ammine-complex obtained
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by Adamson et al.12
An SN2 mechanism is assigned to the aquation of the
bromopentakis(alkylamine)cobalt( complexes under
investigation based on the comparable magnitudes of the
G.R.F. values as mentioned abobe, the small influence of
the steric effect of the non-replaceable alkylamine ligands
on the rates, the dependence of the rates of the aquation
on the concentrations of water in dioxane-water mixtures and
the different influence of the inductive power of the inert
alkylamine ligands. Moreover, the breaking of the Co-Br bond
is considered to be important in the transition state
although there is accompanied by some degree of bond making
between Co() ion and water molecule.
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Visible Spectra
This chapter contains three parts: the theoretical
formalism for calculation, the data and results, and a
discussion on the results.
I. Theory
In order to obtain a clear picture, the energy level











The energy differences in the octahedral system, according




Those for spin-forbidden transitions are:
(16c)
(16d)
where Dq is the crystal field strength and B, C are the
Racah electronic repulsion parameters. Parameters Dq, B, and
C can be calculated from equations (16a)-(16d) if at least
three of the transitions are observed. But for cobalt(III)
complexes, the molar extinction coefficients of the triplet
bands are so small, being hundreds times smaller than the
singlet bands ,29J,k;38 that they are generally beyond the
scope of the spectrophotometer. However, assuming the ratio
B/C to have the free-ion value, all the three parameters can
be found when only the singlet bands are known. Lowering
the symmetry to tetragonal acentric(C4v) or tetragonal
centric(D4h) systems will partially lift the degeneracy of
the excited states, as shown in the above figure. The energies
of the singlets above the ground state, to a first-order
approximation according to Wentworth and Piper,20 are
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E(1B2) - E(1 A 1) = 10Dq - 4Ds - 5Dt + 16B - C (17b)
E(1A2) - E(1 A 1) = 10Dq - C (17c)
E(1Ea) - E(1 A 1) = 10Dq - 4/35Dt - C (17d)
where for D4h field
Ds = 7/2(pwy2 - p2z)
Dt = 21/2(pxy4 - p2z),
(17e)
(17f)
and in C4v field,
Ds = 7/1(2pxy2 - p2z+ -p2z-), (17g)
Dt = 21/1(2pxy4 - p4z+ -p4z-), (17h)
The radial crystal field parameters are defined as39
pxyn,z = zxy,z<rn /rn+1>xy,z,
where, Z is the effective charge of the ligand and,r<(r>)
is the lesser(greater) of the two distances r and R, the
distance of the electron ftom the metal ion nucleus and the
metal ion-ligand distance respectively The superscripts
refer to the coordinate axes on which the ligand(s) is placed.
To have an idea of these parameters, it is noted that the
familiar octahedral Dq is defined as 6/1pxy4,z
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As an approximation, wentworth and piear assamei that
the in-plane-ligand field strength of a tetragonal complex
remains unchanged from that of its parent octahedral complex
(as seen from the figure on p, 55),i.e.,
(18)
Also, for monoacidopentammine type complexes,
(19)
since all the li gangs in xy-plane and z- direction are ammines.
pherezore, referring to equations (17g) and (17h), in C4v field,
(20a)
(20b)
then it is further assumed that the radial crystal field
paraneters are characteristic of a given ligand irrespective
of the particular substituted comulex ion in which it is





Now, from equations(17a)-(17d), it is seen that split-
ting of band I to IA and IB would depend only on the parameter
Dt and the splitting of band II would depend largely on the
axial Parameter Ds
Furthermore, Wentworth and Piper 20(a) defined a useful
empirical parameter Dt' by the equation,
(22)
where W is the energy of the IA band, i.e., 1/E/a 1/A/1, and
the value of (10Dq- C)/xy was taken as the quantity from the
parent octahedral complex. [Note that the quantity (10Dq- C) xy
is E(1/T/1g) or E(1/A/2) above ground state 1/A/19 (1/A/1).] The
procedure entailed the further approximation that C was
constant irrespective of substitution of the parent octahedral
complex. The prime in Dt' was given as an approximation to
Dt inasmuch as the off-diagonal tetragonal field matrix element
was neglected. Finally, values of Dq/z+ calculated from Dt'
using equation(21) would also be indicated to be approximate
with a prime And, empirical parameters Dt' and Dq' Z+ so
obtained were found to be internally consistent.
However, for our complexes, we found thatit would not
be necessary to perform in this roundabout wa., Instead. as
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can be seen from equations (17 c) and (17 d),
(23)
where W(IA), W(IB) are energies corresponding to the resolved
IA and IB bands respectively.
There is also an empirical fact that the Racah parameter
C would be remarkably constant over a long range of field
strength For example, the C values in
and were found to be 3825, 3835, and
3650 cm. respectively. Therefore, a reasonable C
value for all complexes of us would be 3.8kK. With this
assumption, the field strength Dq of the alkylamine ligands can
be calculated by means of equation(17c). Also, with the aid
of equation(21a) value can be obtained for each
complex. [Recall that the acido-ligand is placed on the z+
axis .]
To summarize, for our bromopentakis(alkylamine)cobalt(III)
complexes, the following relations are employed to calculate
all the relevant parameters:
Dt(due to both alkylamine and bromo-ligands)
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As will be seen in the subsequent results, the Dq(Br) values
obtained this way remain fairly constant for all five bromo-
complexes. In addition they agree well with the corresponding
values obtained by Wentworth and Piper.20(b)
II. Data and Results
The visible spectraof our bromo-complexes were recorded
with a Hitachi Model 323 UV-VIS-NIR Recording Spectrophotometer
in the 340-700nm range. The complexes under investigation
were dissolved in 75%(w/W) dioxane-water and 0.025 M perchloric
acid medium with temperature at about 10°C. Repeated recording
showed practically no change of the spectra. The spectra are
shown in Figure 12. The resolution of IA and IB bands was
achieved using the computer program written by Fraser and Suzuki40
assuming Gaussian shape absorptions and variable,sl,oping base
line. The experimental data and the calculated results are
given in Table 12. Tables 13-17 illustrate the goodness of the
fitting. Figure 13 shows a typical resolution of a shouldered
band into IA and IB transitionso The value of the Racah
repulsion parameter C is assigned 3.8 kK in all investigated
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Figure 12. Visible spectra of [Co(RNH2)5Br]2+,





















Table 12. The absorption spectra of and the calculated values of
Dq(RNH2), Dq(Br) and Dt and the.Dq (NH 3 )value of the _parent [co(NH 3)5] 3+
complex
Complex IA(logE),kK Dt,cm.-1 Dq(RNH2),kK Dq(Br),kKIB(logE) ,kK
21.O5* 2.490•
18,23* 21.95• 32-1 1.366
18.08(1.49) 21.00(1010) 334 2.48 1.31
17.33 (1.63) 19.82(1.33) 285 2.36 1.37
17.01(1.77) 19.56(1.40) 291 2.34 1.32
16.90(1.80) 19.33(1051) 278 2.31 1.34
16.88(1.83) 19.16(1.67) 261 2.30 1.38
* data from reference 20.
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Table 13 The observed and calculated absorbance of
of conc. 0.0282 M, response A 0-2(xl)
observed calculated
absorbance absorbancenm difference
440.0 0.452 0.4520 0.0000
450.0 0.488
-0.00050.4885























640.0 0.276 0.2739 0.0020







Band Position,nm Absorbance(log ) Half-width,nm
IA 0.433(1.49)552.980 87.9
lB 476.276 0.179(1.10) 67.1
Baseline correction,
A 0.368 at 440.0 nm




Table 14 , The observed and calculated absorbance of
of conc. 0.0128. M, response
observed calculated
,nm absorbance absorbance difference
470.0 0.329 0.328 0.0003











570.0 0.704 0.7039 0.0001
0.687580.0 0.6867 0.0003
0.644590.0 o.6443 0.0003
600.0 0.581 0.5792 0.0018
610.0 0.497 0.4985 0.0015
620:0 0.410 0.4119 0.0019
630.0 0.330 0.3288 0.0012
640.0 0.258 0.2565 0,0015
650.0 0.198 0.1985 0.0005
66o,o 0.156 0.1555 0.0005
670.0 0.125 0.1255 0.0005
68o. o 0.104 0.1057 0.0017
690.0 0.093 0.0930 0.0000
0.086700.0 0.0849 0.0012
Peak maxima,




A 0.142 at 470.0 nm
A 0.080 at 700.0 nm.
66
Table 15 The observed and calculated absorbance of [Co(EtNH2)5Br] (C104)2 4 2
of conc. 0.00708 M, response A 0-1(x2)
observed calculated
, nm absorbance absorbance difference















570:0 0.939 0.9382 0.0008









630.0 0.587 0.5837 0.0033








690.0 0.129 0.1284 0.0006
0.114700.0 0.1110 0.0031
Peak maxima,




A 0.113 at 470.0nm
A 0.093 at 700.0 nm.
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Table 16.,(The observed and calculated absorbance of
( of conc. 0.00567 M, response A 0-1(x2)
observed calculated
rim absorbance absorbance difference


























Band Position, nm Absorbance( Half-width, nmlogE)
IA 0.717(1.80)591.798 93.1
IB 0.366(1.51) 85.8517. 380
Baseline correction,
A 0.090 at 470.0 nm
A 0.072 at 700.0 nm.
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1
Table 1 CThe observed and calculated absorbance of [Co(n-BuNFI2)5Br](C1O)2
(of conc. 0.00296 M, response A 0-0.4(x1)
observed calculated
,nm absorbance absorbance difference






0.604530 .o o.6036 0.0004
0.634 -0.0009540.0 o.6349








630.0 0.420 0.418o 0.0020












A 0.138 at 470.0 nm
A 0.071 at 700.0 nm.
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Fiqure 13. Resolution of the shouldered band into IA and













complexes. This is an approximate value found in hexammine-
cobalt(I.T.) and tris(ethylenediamine)cobalt(III) systems. As
can be seen from the aboye results, our Dq(NH3) value agrees
well wi the that reported )py Wentworth and Piper. This suggested
that our`'-pssumption of C 3.8 kK mentioned earlier is reason-
able at least for our puFposes. Also, the Dq(8r) values
remain faj.rly constant among all the complexes, as expected.
This lends support to our method of calculation outlined in
the previous section. 7.1
III1Discussion on the:Result
According to Figure 12 and the various logE values,
there is a slight increase in intensity of the d-d bands for
each addition of a -CH2- group to the alkylamine ligands of our
complexes, Mitzner et al,18a reported the same finding in
the corresponding chloro7C omplexes,
The IB band, as a shoulder of the IA band, becomes less
marked from the ammine complex to n-butylamine complex due,
probably, to the shift of the IA band towards IB band. Such
a. shift is a consequence of the decrease in Dt values along
the same series. Recall that the splitting of band.I to IA
and IB would depend only on the parameter Dt, as seen in the
Theory section.
According to crystal field theory, the IB band of the
71
tetragonal. monoacidopentajninecobalt(III) complexes and the
band of their parent octahedral hexammine-
cobalt(III) complex should have the same energy as shown,in
Figure 2 and equations (16b) and (17c). However, this was
not what, Wentworth and Piper found in their systems.,
Tablel8 shows some of their results
Table 18. Absorption spectra for some monoacidopentammine-
cobalt(III) complexes







In Tour opinion, the differences between the IB bands
of the tetragonal complexes and the band I of their parent
octahedral complex. may be due to two reasons., Firstly, their
resolution method of the IA and IB bands was based on the
assumption that the intensities of the bands were equal.
Such an assumption is unreasonable as seen from the logarithm
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of the mdlhr extinction coefficients of IA and IB bands given
in Table 12. Secondly, the hydrolysis of the acido-complexes
to aquo- or hydroxo-complexes would lead to a shift to higher
energy since aquo- or hydroxo-ligands are of stronger field
strengths4l. Such conception is inspired by a comparison of
the parallel trends of the shifts and the rates of hydrolysis
of the complexes.2 A possible support of such an explanation
is that the shift does not appear in our result for the penta-
ammine complex. as seen from Table 12 (see also below), Computer-
ized resolution of IA and IB bands is useful to reduce the
first defeet. The second'one can be remedied if mixed aqueous
organic solvent is employed. In our experiments, 75%(w/w)
dioxane-water acidic medium was used. The hydrolysis was then
compressed to a minimum. Moreover, it should be mentioned
that addition of dioxane would not affect the positions of
the absorption maxima of our complexes in visible region.
[Duplicate recordings in 90%(w/w) dioxane-water acidic solution
show no change from the results shown in Figure 12.]
Mitzner et al.18a.reported that the values of the Racah
electronic repulsion parameter B in chloropentakis(alkylamine)-
cobalt(III) complexes were less than the value in the free
ion. This is the well-known nephelauxetic effect.
They also claimed that the,?-values and the B-values decrease
with increasing basicity of the amine ligands. This indicates
the relation between the electronic distribution among ligands
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and central ion and basitity of ligands. The same variation
appears in our complexes. To facilitate comparison, the iODq (RNH2)
values of our complexes and the -values (10Dq) from the
report of Mitzner et al. together with the 4H° of the proton
ionization of the monoprotonated onium ions32 are listed
again in Table 19. In addition, a Dq-vs-AH° plot based on
these results is shown in Figure 14.
Table 19 List of the Dq-values of the [co(RNH2)5BrJ', the
d-values of the Co (RNH 2) 5 Cl 2+ and the AH° of
the proton ionization of RNH3+
R Dq, kK value,kK
,Kcal/mole*
H 2 ,48 19.38 12.51 0.05
Me 2.36 18.7 5 13029 0.11
Et 2o34 18o62 13o71 OoO5
n-Pr 2o31 18o67 13.84 OoO5
n-Bu 2.30 18.24 13o98 OoO5
i-Bu 18o50 13o92 OoO8
from reference 32
As seen in Figure 14, a more satisfactory linear relation-. , . . .
ship :between Dq and 4Ho is found for our bromo-complexes than
the corresponding chloro--systems of Mitzner et al. Nevertheless,
our general trend in Dq(RNH') values is quite similar to that
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Figure 14.
Plot of the lODq (RNH2) of the [co(RNH2)5Br]2+ and
the -values of the [co(RNH2)5cl]2+ vs. the H°
















of MitzriAr et al.. Also, examining the data given in Table 12
or the corresponding pldtl in Figure 12, it is found that the
Dq(RNH3 2 R H) values ale well separated from that'found
for Dq(Ifl13). This is nett surprising in view of the fact that
NH3 is stn inorganic ligdhd while all others (RNH 2, R 7 H:)
should 6e considered organic.
The lower A(RNH2 )-=values of Mitzner et al. may be., in
our opinion, due to two=reasonso Firstly, their calculation
was based on Jorgensen's formalism which assumed that C= 4B.
Howeverysuch assumption=has been proved invalid in that C
should be very close to 8B. 20(c) Secondly, they neglected
the splitting of the 1T1g band due to the lowering of the
symmetryrof the complexes. Since the intensities of the
split IA Viand IB bands are not equal, the peak positions of
the chloro-complexes assigned by Mitzner et alo would tend to
be close to the more intense IA bands, i.eo, the lower-energy
one. The different intensities may be due to the fact that
IA band,' i.e., E41A1, is symmetry-allowed in C 4v field
but IB band, 1A2- -1A1, is not.
As-a conclusion, it appears to be satisfactory to apply
the crystal field formalism of Wentworth and Piper to the
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